Introduction
An experiment to study selection effects was initiated in 1960 in a Hereford population at the Fort Robinson Beef Cattle Research Station, Crawford, NE. The 325 foundation cows, stratified by pedigree and age, were randomly divided into three lines. The three lines were selected for 1 ) weaning weight ( WWL) , 2 ) yearling weight ( YWL) , and 3 ) an index based on yearling weight and muscle score ( IXL) . Approximately 225 cows originally used to establish the selection lines at Fort Robinson were bred by AI with semen from seven of the foundation sires. Matings of foundation sires and cows commenced in 1968 and continued through 1971. A control line ( CTL) was established from 20 representative sons and the heifer progeny of these matings. Two series of analyses published by Koch et al. (1974a,b) and Buchanan et al. (1982a,b) both demonstrated rather large discrepancies between regressions of offspring on sire, dam, and maternal grandam for weaning and postweaning gain, suggesting important maternal effects on weaning and postweaning gain. These differences were more extreme in the YWL than in other lines. Selection was discontinued with calves born in 1982, and the total effects of 20 yr (4.65 generations) of selection for the alternative criteria were evaluated (Koch et al., 1994) . Details relating to formation of selection and control lines, selection practiced, and genetic change from 1960 to 1982, as estimated by REML and direct comparisons of selection lines with control, were reported by Koch et al. (1994) . In the final phase of the experiment (1983 to 1985) , accumulated response from selection was evaluated in calves by sires from each line that were born in 1979 to 1982 and mated to unselected cows born in 1978 to 1982. The design and results from these special matings of control and selection lines are reported here.
Experimental Procedures
Design and Populations. A mating design, involving crosses among selection and control lines, was developed to enable partitioning of direct and maternal additive genetic response. Partitioning required reciprocal crosses of representative sires and dams of control and selection lines. An Angus line ( ANL) was added to the experiment in this phase. Angus cows and sires were of little interest in themselves. They were used to increase the number of reciprocal crosses for evaluating differences among maternal effects of selection and control lines. Sires of the Angus cows had been selected for above-average weaning weight with some attention to conformation, but little selection had been practiced on cow performance. Each year a new sample of six sires from each selection line and 10 sires each from the control and Angus lines were bred to random cows of selection, control, and Angus lines as shown in Table 1 . Sires of selection and control lines were mated in single-sire pastures, but Angus sires were placed in a common pasture because 10 additional pastures were not available.
The following procedures were used to provide representative sires for this terminal phase and to facilitate evaluation of correlated response in carcass characteristics during the final years of selection. At weaning in 1979 to 1982, 10 males from each line were selected such that weaning weights were within a range of −1.5 and 1.5 SD of their mean and the sum of their selection differentials was approximately zero. These males were fed a growing diet following normal postweaning protocols for intact males (Koch et al., 1994) . Sets of sires with performance as close to the average selection criteria of their line as possible were then selected from this pool each year. Males not designated for potential use as sires in the terminal phase were castrated at weaning and fed a growingfinishing diet until slaughter. Although subject to increased error, due to the limited number selected at weaning, the average genetic values of the 18 sires used over the 3-yr period were expected to be representative of their lines for growth and other characteristics.
Number of calves with weaning and with postweaning records, line codes, and genetic expectations for linebreds and reciprocal crosses are outlined in Table  1 . Reciprocal crosses among selection lines, WWL, YWL, IXL, were not incorporated into the design because it would decrease the number available for reciprocal crosses with the CTL. The genetic effects model is L ijk = m + .5(a ij + a ik ) + m ik + h jk , where i = 1, 2, 3, is linebred, Hereford cross, or Angus cross combination of j th sire line and k th dam line, j and k = 1 (WWL), 2 (YWL), 3 (IXL), 4 (CTL), and 5 (ANL); the a ij( k) are additive direct contributions from j th sire line and k th dam line; m ik is maternal effect of the k th dam line; and h jk are heterosis or specific effects associated with crosses of j th and k th lines.
Feeding and Management. Calves were born in the spring and weighed within 12 h. Animals were managed as one herd except during the breeding season. Calves were weaned at an average age of 173 d. After weaning, males were castrated and calves were divided into replicate sex-line-type groups. Linetype groups were composed of 1 ) linebreds, 2 ) Hereford crosses with CTL, and 3 ) Angus crosses. All animals were fed Rumensin ® throughout the feeding period. Animals were fed a diet of 2.69 Mcal of ME/kg of dry matter and 12.88% crude protein composed (dry matter basis) of 66% corn silage, 22% corn, and 12% protein-mineral supplement until all pens averaged approximately 320 kg. As diets were changed, steers were implanted with Ralgro ® and heifers were implanted with Synovex-H ® . Animals were reimplanted again 90 d later. Subsequently, animals were fed a diet of 2.93 Mcal of ME/kg of dry matter and 10.83 crude protein composed (dry matter basis) of 38.5% corn silage, 56% corn, and 5.5% protein-mineral supplement until animals were slaughtered at two end points. The first end point was 440 to 460 kg for heifers and 470 to 490 kg for steers. The second end point was approximately 45 kg heavier for each sex. Animals were penned by sex and line-type (i.e., linebred, Hereford cross, or Angus cross). When the average of all animals in a sex-line-type group reached the initial target weight, animals were ranked by weight. A random animal from each ascending weight pair was selected for slaughter. This was done to maintain equal gain potential at each end point. The average time on feed was 312 d (300 d for steers and 324 d for heifers).
Data Analysis. Statistical analysis of data was carried out using the GLM procedure of SAS (1989) . Traits analyzed were birth weight ( BWT) ; weaning gain ( WG) = daily gain to weaning × 173; weaning weight ( WWT) = BWT + WG; postweaning gain ( PWG) = daily gain postweaning × 312; final weight ( FWT) = WWT + PWG; and muscle score ( MSC) . There were 1,925 birth and weaning weight records and 1,816 postweaning records. Twenty-four animals were removed from the experiment after weaning because they were unthrifty and judged unable to express normal postweaning growth (average weight was 95 kg, −2.0 SD below their line-sex mean). Eighty-five animals died or were removed during the postweaning feeding period for health reasons such as acidosis, bloat, pneumonia, and respiratory disorders.
Adjustment factors calculated from analyses of Koch et al. (1994) were used to adjust the Hereford data for age of dam effects. Age of dam adjustment factors were developed for Angus and Angus crosses from a least squares analysis fitting age of dam and line-year subclasses for each sex. The model included the main effects of line, sex, year, and the interactions line × sex, line × year, sex × year, and line × sex × year subclasses to provide equal weighting of sexes over the 3 yr in least squares means. None of the interactions was significant for preweaning growth traits or muscle score, but sex × year and sex × line interactions were significant for postweaning gain and final weight.
Least squares means of the 19 lines and linecrosses for birth weight, weaning gain, weaning weight, postweaning gain, final weight, and muscle score are presented in Table 2 . Genetic responses were estimated as deviations from control by linear functions of least squares means in Table 2 . The design can be considered as a series of diallel crosses of two lines; 1 ) set HC with WWL, YWL, and IXL crossed with CTL; 2 ) set AC with WWL, YWL, IXL, and CTL crossed with ANL; and 3 ) set ACM, with sire differences of WWL, YWL, IXL, and CTL evaluated in an Angus maternal environment. For example, estimates of responses of YWL − CTL were: 1 ) L 345 ) . Solutions to the weighted least squares equations were obtained from X′R −1 Xb = X′R −1 y, where y is a vector of least squares means involved in a set; R is a diagonal matrix of the (SE) 2 of least squares means in y; and X is an incidence matrix relating genetic effects to the means. Let the generalized inverse of (
Estimates of direct response within diallel groups could only be estimated by incorporating the parental means. Thus, differences between HC and AC maternal responses have an identical effect on direct effects, but opposite in sign. Differences in direct and maternal effects of crosses from that of linebreds are included in specific heterosis effects. Models of genetic effects fitting a common heterosis for Hereford or Angus crosses were also evaluated. Maternal effects under these models were essentially unchanged. Differences associated with fitting a common heterosis effect made nonsignificant changes in the direct effects and did not lead to any change in conclusions about The least squares means and linear functions, described previously, provide unbiased estimates of the genetic effects but underestimate the standard errors because random differences among sires and dams within subclasses was not accounted for. It was not possible to estimate random differences among sires and dams for the Angus-sired subclasses. An auxiliary analysis was conducted using the MIXED procedure of SAS (1992). It included sires within sire lines as random variables for the 14 subclasses with Hereford sires. Average ratios of standard errors of the 14 means of subclasses that included random sires to the standard errors of means estimated by ordinary least squares were as follows: birth weight, 1.18; weaning gain, 1.016; weaning weight, 1.025; postweaning gain, 1.20; final weight, 1.17; and muscle score, 1.11. Standard errors of direct and maternal estimates were increased by similar amounts. These factors should be considered when evaluating results in Tables 2 and 3 .
Results
Selection line means minus the control line estimate total direct and maternal genetic response from 20 yr of selection. Estimates of direct and maternal response are given in Table 3 . Trends of differences among lines for total, direct, and maternal responses at each stage of growth (i.e., birth, preweaning, and postweaning) are shown in Figure 1 .
Selection Lines Deviated from Control. Deviations of
WWL, YWL, and IXL from CTL, ( a + m), for the final 3 yr under selection from appendix tables of Koch et al. (1994) ranked total genetic responses of selected lines similar to that reported here. Clearly, IXL had heavier weights at each stage of growth and higher muscle scores than other lines. Total response ( a + m ) of WWL, YWL, and IXL, over CTL, was highly significant for all traits except weaning gain in YWL.
Birth Weight. Direct response in birth weight was largest for YWL, followed by IXL and WWL. Maternal response in birth weight as greatest in IXL and smallest in YWL, but none was significant. Birth weight of ANL was less than WWL, YWL, and IXL, but greater than CTL ( P < .05). Direct and maternal responses estimated from Angus crosses were more extreme than those from Hereford crosses but ranked the selection lines similarly. The estimated direct and maternal breeding values reported by Koch et al. (1994) agree with the rank of lines reported here.
Weaning Gain and Weight. Direct responses in
weaning gain and weight were slightly greater for IXL, followed closely by WWL and YWL in set HC (Table 3) . In set AC, YWL had the largest direct response, followed by ANL, IXL, and WWL ( Figure  1 ). Maternal ability for weaning weight of IXL was superior to WWL, which was selected for this trait. Maternal response of YWL was less than CTL. Differences between YWL and WWL or IXL were due primarily to poor maternal ability of YWL. The sum of direct and maternal response of IXL was significantly greater than YWL. Estimated breeding values from Koch et al. (1994) of WWL, YWL, and IXL for direct and maternal responses in WWT were, respectively, 11, 9.9, 11 kg and 2.8, .9, 6 kg.
Weaning weight of ANL was significantly heavier than all Hereford lines. Maternal effects estimated from Angus crosses ranked lines the same as from Hereford crosses, but differences were more extreme. Angus had a significantly larger maternal effect than all other lines.
Postweaning Gain and Final Weight.
Estimates of direct responses were not greatly different among selection lines for growth to weaning, but differences were larger for postweaning gain. Postweaning gain of IXL was significantly greater than WWL and final weight of IXL was greater than WWL and YWL when evaluated in set HC. However, direct response of YWL estimated in set AC was greater than WWL and IXL for postweaning gain (Figure 1 , Table 3 ). The greater direct responses of YWL at weaning and postweaning in set AC were confirmed by contrasts of lines within the Angus maternal environment (ACM in Table 3 ).
Maternal effects for pre-and postweaning gain of YWL and IXL in set HC for YWL and IXL were negatively related. Actual expression of maternal environment of dams is removed at weaning, but carryover effects can influence postweaning gain. In Hereford crosses the extremes of maternal environments of IXL and YWL to weaning were partially compensated during the postweaning stage (Figure 1 , Table 3 ). The large positive maternal effect of ANL for weaning gain was also largely compensated by a negative maternal effect for postweaning gain ( Figure  1, Table 3 ). Thus, in Hereford crosses, differences among maternal effects of lines for final weight were smaller than for weaning weight. Maternal effects on postweaning gain of WWL, YWL, and IXL lines evaluated from Angus crosses resulted in increased responses for final weight (Figure 1) . Possible explanations for this discrepancy will be discussed later.
Muscle Score. The direct effect of IXL, which was selected for muscle score and yearling weight, was significantly greater than CTL, WWL, YWL, and ANL. Maternal effects on muscle score were not important, which agrees with results reported by Koch et al. (1994) .
Heterosis. Heterosis of WWL, YWL, and IXL in crosses with CTL did not differ significantly, although YWL tended to have slightly lower values (Table 3) . Heterosis of Hereford crosses was expected to be small because heterosis tends to be a recovery of inbreeding depression within breeds. Average inbreeding of lines was only 5.7%. Average heterosis was greater among crosses of Hereford and Angus than among crosses of Hereford lines and was highly significant for all traits except MSC.
Discussion
The large standard errors associated with the estimates of maternal effects could explain the observed differences in HC and AC estimates. However, an examination of the genetic expectations of maternal contrasts provide insight into biological reasons for these differences. For example, expectations of YWL − CTL from 35 ; the superscripts indicate the maternal environment under which the direct effects are expressed.
Differences in maternal environment of lines can affect the expression of direct effects of sires and dams. In crosses, sires and dams expressed their direct effects under opposite maternal environments and, thus, could have contributed to the differences observed in maternal effects if they were of importance and of differential magnitude. The differences in maternal effects of Hereford and Angus crosses provide evidence that maternal effects did differ in expression of line types, but ranking was similar and the standard errors were large. The difference in direct effects of YWL and IXL in HC and AC and ACM sets during the preweaning and postweaning periods provides evidence that expression of direct effects were influenced by differences in maternal environment. Again, the standard errors of estimates were large and an average of estimates from HC and AC may be more descriptive of differences among lines. It would require an extensive complete diallel experiment carried through two generations to evaluate these sources of influence.
Animals that differ in genetic potential but fail to express their potential in one stage of growth due to environment will tend to compensate during subsequent stages if environment becomes more favorable. A plausible explanation for the compensatory effect of postweaning gain in YWL Hereford crosses is that calves had a high growth potential but poor maternal environment to weaning. This could cause a more aggressive appetite than contemporaries that had better maternal environment through weaning. When given ad libitum access to feed postweaning, the YWL calves maintained a higher intake and had the growth potential to use it. In Angus crosses, half of the calves were exposed to ANL dams and half to YWL dams. Thus, the average maternal environment to weaning of Angus crosses was more favorable than that of Hereford crosses. In this situation, the high growth potential of YWL was expressed during preweaning and postweaning stages. A point of importance is that the sum of direct and maternal responses evaluated in this experimental design are constrained to the differences among linebreds because differences in direct effects of lines are limited to the linebreds. Greater expression of direct effects in pre-and postweaning periods of YWL reduces the relative maternal effects as compared with effects in Hereford crosses. However, the alternative estimates (ACM) of direct response from comparisons between lines with the same maternal environment are not subject to this limit and also indicate greater direct effects under the Angus maternal environment.
During the 20 yr of selection, the amount of energy intake available to animals was generally more limited during the preweaning period than during the postweaning period. The analyses of Koch et al. (1994) indicated a negative genetic covariance between direct and maternal effects for weaning gain and for postweaning gain in each of the selected lines. The selection criterion of yearling weight for YWL may have been an important factor in its poor maternal ability. Selection differentials for direct effects on postweaning gain would tend to be the dominant component of the total selection differential for YWL and IXL, and possibly that of WWL. Although WWT was the selection criterion for WWL, the index in retrospect for sires of WWL indicated that about 25% of total selection was for increased yearling weight (Koch et al., 1994) . Figure 1 illustrates that most of the total genetic response from selection in all three lines was associated with direct response and that the highest proportion of that was for postweaning gain.
A hypothesis for the favorable genetic response in total pre-and postweaning gain of IXL vs WWL and YWL is not obvious. Koch et al. (1994) reported cumulative selection differentials for WWL, YWL, and IXL were 4.49, 3.23, and 3.62 SD for weaning weight and 4.00, 4.73, and 4.64 SD for yearling weight, respectively, for the final years of selection. Thus, the WWL would be expected to have a greater response in WWT and the YWL to have a greater response in FWT than the IXL. Somehow muscle score enhanced the selection of animals whose phenotypic weight was associated more with genetic factors affecting body tissue growth and discounting weight associated with environmentally influenced factors both pre-and postweaning. Total response in IXL was greatly enhanced by its preweaning maternal effect on growth as a component of total yearling growth. Results presented here indicate the greatest total gain in weight to yearling age resulted when selection favored both an improved maternal environment to weaning as well as high growth potential. A higher heritability of yearling weight than of weaning weight and a large genetic correlation between weaning and yearling weight had prompted Koch et al. (1974b) and others to suggest that selection for yearling weight might increase weaning weight more than direct selection for weaning weight. These results do not support that hypothesis but tend to favor selecting for improved maternal and direct effects throughout the growth period.
Implications
Selection can significantly increase birth weight, weaning weight, and final weight and muscle score. Most of the genetic gain will be associated with direct response that occurs during the postweaning period. The greatest genetic response is likely to be obtained when selection results in a favorable change in the total of maternal and direct response for pre-and postweaning periods. In this experiment this was provided by including a muscle score with yearling weight as selection criteria or emphasis on both weaning and yearling weight.
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